Purpose: To characterize the static properties of the anisotropy of dose contributions for different treatment techniques on real patient data (prostate cases). From this, we aim to define a class of treatment techniques with invariant anisotropy distribution carrying information of target coverage and organ-atrisk (OAR) sparing. The anisotropy presumably is a helpful quantity for plan adaptation problems. Methods: The anisotropy field is analyzed for different intensity modulated radiotherapy (IMRT) and volumetric modulated arc therapy (VMAT) techniques for a total of ten planning CTs of prostate cases. Primary irradiation directions ranged from 5 to 15. The uniqueness of anisotropy was explored: In particular, the anisotropy distribution inside the planning treatment volume (PTV) and in its vicinity was investigated. Furthermore, deviations of the anisotropy under beam rotations were explored by direct plan comparison as an indicating the susceptibility of each planned technique to changes in the geometric plan configuration. In addition, plan comparisons enabled the categorization of treatment techniques in terms of their anisotropy distribution. Results: The anisotropy profile inside the PTV and in the transition between OAR and PTV is independent of the treatment technique as long as a sufficient number of beams contribute to the dose distribution. Techniques with multiple beams constitute a class of almost identical and techniqueindependent anisotropy distribution. For this class of techniques, substructures of the anisotropy are particularly pronounced in the PTV, thus offering good options for applying adaptation rules. Additionally, the techniques forming the mentioned class fortunately allow a better OAR sparing at constant PTV coverage. Besides the characterization of the distribution, a pairwise plan comparison reveals each technique's susceptibility to deviations which decreases for an increasing number of primary irradiation directions. Conclusions: Techniques using many irradiation directions form a class of almost identical anisotropy distributions which are assumed to provide a basis for improved adaptation procedures. Encouragingly, these techniques deliver quite invariant anisotropy distributions with respect to rotations correlated with good plan qualities than techniques using few gantry angles. The following will be the next steps toward anisotropy-based adaptation: first, the quantification of anisotropy regarding organ deformations; and second, establishing the interrelation between the anisotropy and beam shaping.
INTRODUCTION
Imagine the common situation of a patient on the treatment table of the linear accelerator, whose volumetric modulated arc therapy (VMAT) 1,2 plan or intensity modulated radiotherapy (IMRT) plan has to be adapted along deformed anatomic structures within minutes or even seconds. These ad hoc adaptations are enabled by sophisticated image-guided radiation therapy (IGRT). Besides widely used methods like repositioning 3 and aperture tracking, 4 several methods have been developed which provide a smooth adaptation. These include reoptimizations 5 and dose deforming algorithms 6 which have also been applied for VMAT. 7 In recent years, the replacement of cone-beam CT imaging by magnetic resonance (MR) technology allows advances in soft tissue recognition. Thus, the previously considered ideas for ad hoc plan adaptation are particularly interesting for the next generation of linear accelerators, the MR-linac. Various fluence-based concepts for adaptive planning have been developed. [8] [9] [10] [11] On the other side, the current state of MR-linac technology does not yet offer dynamic arcs and thus excludes VMAT.
In many cases, simply warping the fluence grid along projected organ contours in the beam's eye view (BEV) leads to satisfactory adaptation results. However, it has been shown that this method can fail under certain circumstances 12 since the usage of structure boundaries is connected to a loss of important three-dimensional (3D) information. This is explicitly the case for pronounced concave-convex planning treatment volume (PTV) and organat-risk (OAR) constellations.
The two-step adaptation method 12 reduces underdosages in the PTV by means of additional segments tangential to the OAR surface. It can avoid the problem of inadequate fluence grid warping, however, at the cost of increasing plan complexity and numbers of arc rotations 13 Therefore, an indicator for the relevant 3D information that ideally may be applied to any treatment technique would be preferable. For this purpose, Bratengeier and Holubyev have suggested to use the anisotropy of dose contributions, 14 which is closely related to the two-step method. The anisotropy field has been analyzed in idealized geometries -a cylindrical OAR surrounded by a hollow cylindrical planning treatment volume (PTV). In addition, resulting anisotropy changes have been quantified for virtual deformations of the prostate and rectum. Furthermore, the necessary 3D information on OAR sparing is transferred into the PTV corpus. Therefore, it could be retrieved in the BEV in a way that is relevant for beam shape adaptation.
The purpose of this work is to take the first of three steps on the stairway to an anisotropy-assisted adaptation, and is presented in Table I . On each voxel, the anisotropy A is defined as sum over all irradiation directions n represented by the gantry angle c n , weighted by the dose-per-beam D n of a finally optimized plan:
with the effective direction c c ¼
pointing towards the main directions of dose contributions. This definition assumes similar effects of opposing irradiation directions: AðcÞ ¼ Aðc þ pÞ. Furthermore, information on the target volume coverage and organ sparing is implicitly associated with this quantity due to the entering dose contributions, but might depend on the chosen coplanar beam directions, since the anisotropy relies on a two-dimensional definition.
To investigate the spatial dependence of anisotropy, a study on different inverse planned treatment techniques is considered, including IMRT techniques with different numbers of irradiation angles and a double-arc VMAT technique, which is assumed to be the most promising approach in terms of the plan quality. 15 For this, the anisotropy is calculated from the dose distribution obtained from ten planning CTs for a series of different treatment techniques, which differ in their number of irradiation directions, from 5 for IMRT to 90 for VMAT. These plans were analyzed in terms their anisotropy of dose contributions in dependence of the beam numbers. Considerations on the anisotropy distribution lead to at least two further questions concerning the anisotropy of dose contributions:
-To what extent can the anisotropy distribution be independent from the choice of the treatment technique, or in other words, is there a class of treatment techniques which leads to equal anisotropy distributions inside the PTV and its environment? (1.1. in Table I ). -Which techniques provide a stable anisotropy distribution with respect to instabilities like rotations of the treatment arrangement? (1.2. in Table I ).
Although a plan improvement for an increasing number of irradiation directions has been shown in a simplified geometry and a certain setting of segmentation, 15 the quality of the various plan types has to be evaluated in connection with the anisotropy of dose contributions.
MATERIALS AND METHODS

2.A. Anisotropy of dose contributions
The dose distribution f ðDÞ with its contributions D n per beam n is calculated on a dose grid with grid constant of 3 mm in all three spatial dimensions. Dose distributions are calculated for IMRT with 5, 7, 11, and 15 beams. In addition, a double-arc VMAT plan was generated on a total of 10 planning CTs on prostate cases. For these plans, we demanded to fulfill clinical constraints. How good these constraints are met is given in Appendix A.
Bratengeier et al. 14 introduced a definition of an anisotropy field, which is given in Eqs. (1) and (2) . Mathematically, this equation corresponds to a dose-per-beam weighted sum of irradiation directions, which takes into account the similar effect of two opposing irradiation direction c n and c n þ 180 by its 180°periodicity. The range of values is limited by A ¼ jAj ¼ D for a single beam and A ¼ 0 for a completely isotropic or orthogonal irradiation. Therefore, data is normalized by the prescribed dose D mean (cf. Fig. 1 ). An equally important mathematical property of Eqs. (1) and (2) is the vanishing anisotropy for orthogonal irradiation directions and equal dose contributions. The following point illustrates how the anisotropy may be uniquely useful for adaptation [cf. Fig. 1 
(a)]:
Here, two points P and P 0 inside the PTV with different distances to the OAR surface are depicted. For P, an almost isotropic dose deposition from a broad range a of directions is possible so that the anisotropy is small. In contrast, for P 0 , only a small range a 0 of irradiation directions can contribute to the dose without traversing the OAR: anisotropy contributions reach their maximum. Additionally, a lateral broadening of the OAR will not be detected in the BEV for lateral beams. However, the angles a and a 0 will vary and therefore the anisotropy will change.
In both cases, the anisotropy changes in regions where the dose is required to be constant. Thus, we have to recognize that neither pure dose distributions nor BEV alone are sufficient for the indication of OAR tangential information for adaptation purposes.
Information on the organ sparing and target volume coverage is contained in the anisotropy profile within the PTV. This point is visualized exemplarily by the two anisotropy profiles tracked along the cross-section Y through the rectum and the PTV in Fig. 1 Similar shapes were predicted for the fluence FðrÞ in radial direction r adjacent to the perfectly spared PTVenclosed OAR in a rotationally symmetric phantom by Brahme et al. 16 Also there, the transition from isotropic to anisotropic irradiation played a significant role, since adjacent to the OAR, only tangential components contribute to the fluence: The scaling law
was indicated.
The anisotropy explicitly depends on the choice of irradiation directions.
In regions far away from the PTV, the anisotropy changes, if the beam direction is varied [cf. Fig. 1(b) ]. However, inside the PTV the anisotropy changes based on deformations of the patient geometry, which require a new dose distribution. A prediction of those variations is a prerequisite for using the anisotropy for adaptation purposes. After the superposition of beams, the anisotropy should hardly undergo variations even if the treatment technique is changed. Actually, is there a class of several techniques, which yields an identical or at least a similar anisotropy distribution inside the PTV as indicated by the two graphs for two different treatment techniques (VMAT and sevenfield IMRT) in Fig. 1(a) ?
As previously mentioned, variations of the anisotropy may be influenced by the specific choice of irradiation directions. Different treatment techniques as well as the rotated beam configurations of one treatment technique can be classified by means of their sensitivity to perturbations due to directional changes.
For an estimate of the maximum perturbation on one treatment technique, the rotation angle was chosen to be Dc ¼ c int 4 for an odd and Dc ¼ c int 2 for an even number of irradiation directions, assuming nearly equivalent anisotropy distributions of two opposing beams. c int ¼ 360 N denotes the angle between two neighboring beams in a uniformly distributed beam configuration. To quantify variations between the anisotropy distributions A k and A l from plans k and l, we determine the square difference S 2 kl on each voxel
which is evaluated by structure-related statistics, e.g., the PTV:
N PTV denotes the number of voxels inside the PTV. However, it should be emphasized that Eq. (5) is only valid as long as the structures (PTV and OAR) are not changed, as in the course of this work. In summary, this work addresses the following points:
-Static properties of the anisotropy inside the PTV: for plans with many beams, the anisotropy shows a decrease inside the PTV in the same way Brahme predicted a decrease in fluence. -Similarity of anisotropy distributions: pairwise comparisons of plans establishes a class of treatment techniques whose anisotropy distributions are similar and less sensitive to a rotation of the beam directions.
RESULTS
3.A. The anisotropy distribution inside the PTV
For several techniques with different number N of irradiation directions, anisotropy profiles along the cross-section Y in AP direction through the PTV calculated from data for one exemplary patient are illustrated in Fig. 2 .
the PTV. For five-field plans, the PTV is no longer covered completely by an anisotropy value which varies from contributions in the outline. Figure 2 depicts the anisotropy profile along an axis perpendicular to the rectum surface throughout the PTV. This figure suggests the conclusion that many-field treatment techniques (N ! 7) form a universal class of techniques containing similar anisotropy distributions.
The anisotropy distributions and the confirmation of Brahme's law for real patient data depicted in Fig. 2 are an important result in terms of adaptation, since it can be seen that information on the target volume coverage and the simultaneous OAR sparing will be carried by the height of the anisotropy distribution inside the PTV. However, the illustrated profiles only reflect the special case of a distribution along a 
FIG. 2. Double logarithmic plot of normalized anisotropy
3.B. Robustness of anisotropy
The definition of A depends on the choice of irradiation directions c n , but Fig. 2 gives the hint that a sufficiently high number of beams provides an invariant vector field at least within the PTV. Beyond a critical number of beams effects can hardly be seen. By pairwise comparison of two plans, the existence of an invariant anisotropy distribution shall be shown. Two cases will be considered: rotations of a given beam configuration and variations of the beam number.
In order to pursue the question of an invariant anisotropy distribution, a rotated plan l is generated in addition to the already existing plan k. Both plans generate an anisotropy distribution inside the PTV which is compared via the mean squared difference S kl defined in Eq. (5). Normalized by the prescribed mean dose D mean ¼ 76:2 Gy, S kl is plotted in Fig. 3(a) for all treatment techniques.
Differences in the anisotropy distribution account for 2-3% of the prescription dose on average for the VMAT technique with irradiation from N ¼ 90 control points. Plans of this technique are only rotated by 1°related to the comparatively small error. Although slightly higher, the error S kl for the 15-, 11-and 7-field techniques reach similar ranges, but increasing to 5% with decreasing number of irradiation directions. Since the spatial "coverage" of one beam decreases with increasing beam number (N ¼ 7 : c int % 51
; N ¼ 11 : c int % 32 ; N ¼ 15 :
Þ -leading to a rotation of ( Dc 7 % 13 ; Dc 11 % 8; Dc 15 ¼ 6 ) -a susceptibility to deviations and thus this increase of S kl is expectable. It quantifies how prone a treatment technique is to deviations. For five-field plans ðDc 5 ¼ 18 Þ, the values S kl reach clearly enhanced ranges of S kl D mean % 9% indicating that original and rotated beam direction lose their correlation and segments potentially change their task in terms of plan generation.
The same pairwise comparison may be executed for different treatment techniques with different beam numbers k and l on the same target volume. The total of five treatment techniques result in an off-diagonal 5 9 5-matrix, whose entries of the upper triangular are illustrated in Fig. 3(b) normalized by the prescribed mean dose D mean . The boxplots illustrate the statistics for the ten compared plans. Again, it turns out that all treatment techniques generate an error of around ¼ 10% up to 20%. In conclusion, it was observed that a class of treatment techniques exists that is similar in their anisotropy distribution. VMAT as well as 15-field and 11-field IMRT plans can confidently be included into this class. Also, seven-field plans do not seem to considerably vary from the plans mentioned above, but due to deviations of approximately 5% and higher in the rotated plans this treatment technique should be excluded. The results reflect the fact, that seven-field IMRT techniques may generate good plans in individual cases, while they are sometimes restricted by geometrical limits which cannot be handled by reduced beam numbers. This discrimination can be seen even more in the results for fivefield plans, which do not reach practical application.
In terms of plan adaptations, the robustness of anisotropy plays an important role. Let us emphasize that only the combination of both diagrams in Fig. 3 illustrates the robustness of anisotropy distributions in terms of low deviations.
In summary, we determine similar deviations when comparing two treatment techniques, with no significant variations except of the five-field technique, but under rotation of plans the robustness decreases with a decrease in beams.
DISCUSSION
The anisotropy, as defined by Eqs. (1) and (2), is a quantity independent from the choice of treatment technique. It can be computed for any IMRT and VMAT plan. Brahme predicted a necessary fluence profile with a FðrÞ / r approximately proportional to the anisotropy.
14 Anisotropy profiles in a cross-section through the isocenter show curves with similar scaling law throughout the PTV, to a certain range independent from the treatment technique. The calculations for the fluence presented by Brahme 17 and also for the anisotropy performed by Bratengeier 10 were based on rotational symmetric target volumes. Thus, deviations from this scaling in "real" patient data (cf. Fig. 2 ) may result from asymmetries in the position and shape of the PTV relative to the isocenter, cross-section line.
4.A. Recommendations for the technique choice
In addition to a fundamental description of the anisotropy inside the PTV (1.1 in Table I ), this work aimed at finding out whether a class of treatment techniques exists yielding similar anisotropy distributions. Therefore, the influence of irradiation directions on the anisotropy was studied (1.2.1 in Table I ). Here, a decrease in plan quality for decreasing numbers of irradiation directions should be taken into account (cf. Appendix A), since the anisotropy is considered as an indicator for requirements on organ sparing as well as target volume coverage. Correspondingly, the anisotropy distribution only is subject to small variations for a minimum of irradiation directions. If the number of beams falls below a critical value (in the presented prostate cases: N\N c ¼ 7), an accurate target coverage gets lost and the anisotropy distribution varies significant from multifield cases (cf. Figs. 2 and 3) . The critical number N c is case dependent, thus, for adaptation purposes in more complex prostate cases more than seven beams could be recommended, even if the standard of a VMAT technique is not available.
In addition to the pairwise comparison of treatment techniques, the anisotropy distribution was checked by calculation on rotated plans and comparison with the original plan. From this study, the robustness of each treatment technique can be classified (1.2.2 in Table I ). Multiple beam techniques ðN ! 7Þ were less sensitive to perturbations.
The anisotropy has proven to be a robust quantity for many-beam techniques, which is an essential condition in terms of adaptation. Further necessary conditions consist in the sensitivity to different beam weightings as well as different anatomic conditions. Where effects of deformations have already been seen, 14 a quantification of the anisotropy for different grades of organ sparing will be the topic of further publications in preparation. Then, deforming the anisotropy distribution will result in special rules for the segment adaptation along the new structures. Both steps have been performed quantitatively for a cylindrical symmetric situation and qualitatively for prostate and head and neck cases.
14 For the cylindrical symmetric situation, a strong correlation of anisotropy and segment shape has been shown.
The investigative endpoint is the development of an algorithm for leaf adaptations in dependence of the anisotropy distribution. If successful, this can be considered an upgrade of conventional aperture based adaptation, avoiding shortcomings for concave-convex PTV-OAR-constellations. 12 
CONCLUSIONS
The results reveal a class of techniques yielding similar distributions of the anisotropy of dose distributions defined in the radiotherapy treatment of prostate carcinomas. Basic requirements needed for the adaptation of segments have been demonstrated on real patient data. Strong gradients which carry information on target volume coverage as well as on OAR sparing are included within the PTV. Many-beam techniques are recommended under the aspects of plan quality, reproducibility of anisotropy and robustness.
The presented results open the way for detailed investigations of the anisotropy distribution in response to controlled virtual and real organ deformations. Organ deformations and replanning should reveal rules for the identification of leaf opening positions leading to suitable OAR tangential dose contributions.
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APPENDIX A PLAN GENERATION AND PLAN QUALITY
A total of 10 standard prostate cases were included in this study. In each primary CTs for standard prostate cases, the boost surrounded by the PTV 17 and the two OARs, rectum and bladder, were contoured. A VMAT plan and various IMRT plans (5-, 7-, 11-, 15-fields, optimized in the DMPO mode of PINNACLE3 version 9.10) were generated to fulfill the clinical constraints ( List of achieved clinical constraints in the dose-volume histogram: for every treatment technique, the mean and standard deviation of 10 plans is given together with the average number of fails per plan. In particular those plans, which yield robust anisotropies, satisfy the clinical constraints in a sufficient way. An additional parameter was calculated in the planning system: the sum of weighted quadratic deviations from set points defining the desired course in the dose-volume histogram (DVH) like the minimum of a harmonic potential. In Pinnacle3, this value is available as composite objective value (COV) and is minimized during the optimization process. If both, all plans were subject to the same conditions, that is, the same parameter sets were used and a sufficient number of representative DVH points were used the COV serves as indicator for that technique with the smallest deviations from the desired DVH course. 16, 17 For this study, all COVs were normalized to the COV of the volumetric modulated arc therapy plan.
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